Over the past decade there has been an exponential increase in the number of robotic-assisted surgical procedures performed in Australia and internationally. Despite this growth, there are no level I or II studies examining the anaesthetic implications of these procedures. Available observational studies provide insight into the significant challenges for the anaesthetist. Most anaesthetic considerations overlap with those of non-robotic surgery. However, issues with limited patient access and extremes of positioning resulting in physiological disturbances and risk of injury are consistently demonstrated concerns specific to robotic-assisted procedures.
One of the most important surgical advances in the past four decades has been the introduction of minimally invasive techniques. The use of cameras and micro-instruments has revolutionised procedures across a range of surgical specialties. The potential benefits of these minimally invasive techniques include reduced surgical trauma, improved cosmetic outcomes, reduced postoperative pain, shorter hospital length of stay and rapid return to normal activities. Robotic-assisted surgery is a further innovation designed to provide greater dexterity and precision so as to overcome the limitations of pre-existing minimally invasive techniques as well as to enhance the capabilities of surgeons performing open surgery. The first da Vinci® Surgical System (Intuitive Surgical Inc, Sunnyvale, CA, USA) to be used in Australia was installed at the Epworth Hospital, Melbourne, in 2003 1 . Since 2003, over 33,000 robotic-assisted procedures have been performed using the da Vinci system and 42 Australian centres now offer robotic-assisted surgery 2 . The increasing use of robotic-assisted surgery poses new challenges for the anaesthetist, especially in relation to limited patient access, issues related to extremes of positioning and management of unique procedural requirements.
The aim of this narrative review is to provide a brief background of the different applications of minimally invasive robotic surgery that have important implications for anaesthetists, as well as the unique challenges and complications associated with these procedures. This review specifically refers to robotic procedures performed using the da Vinci Surgical System, the main commercially available robot.
Methods
We searched PubMed and Google Scholar for articles published in English from January 1970 to April 2017 using the terms 'robotic surgery' in combination with 'anaesthesia' or 'history' or 'complications' or 'outcomes'. We also searched the reference lists of articles identified by this search strategy and selected those we judged most relevant. A total of 6,136 articles were retrieved. We then examined the articles in terms of quality and relevance to the practice of perioperative medicine. As a result, a total of 109 articles were included in this review.
History
In the 1980s, the National Aeronautics and Space Administration concept of telesurgery became a driving force behind the development of surgical robots 3, 4 . The first robot, called the Arthrobot, was developed in 1983 to assist in orthopaedic surgery. In 1985, the Unimate PUMA 200 (Unimation® Incorporated, Danbury, CT, USA) was used to place a needle for brain biopsy under computed tomography guidance 5 . The more advanced PUMA 560 was capable of performing neurosurgical biopsies with greater precision and it was later used to perform a transurethral resection of the prostate 6 . This lead to the development of the PROBOT in 1988, which was specifically designed for transurethral resection of the prostate 7 . In 1992, the ROBODOC® (Integrated Surgical Supplies, Sacramento, CA, USA), designed for use in hip replacements, became the first surgical robot to be approved by the Food and Drug Administration (FDA) in the United States the ZEUS® System, the first fully integrated robotic surgical system 3 , which incorporated three interactive robotic arms placed at the operating table (one of which was an AESOP voice-controlled robotic endoscope), a computer controller and a surgeon console 4 . In 1997, Intuitive Surgical Inc. released the da Vinci Surgical System. It was approved by the FDA in 2000 and remains the main commercially available robot used in minimally invasive surgery 4 . The MAKO Robotic Interactive Orthopedic Arm (MAKO Surgical, Davie, FL, USA) and the Acrobot® (Acrobot Company Ltd, London, UK) systems were released subsequently. Both systems combine robotics, navigation, and haptics in order to achieve more accurate implant placement in partial knee and total hip replacement surgery 11 . The neuroArm, introduced in 2008, was the first image-guided magnetic resonance imaging-compatible robotic device capable of performing neurosurgical procedures 12 .
Robotic-assisted surgery using the da Vinci Surgical System
The da Vinci Surgical System consists of three components: a surgeon console, patient-side cart, and vision system. The surgeon, seated away from the operating room table at the console, views the surgical field and controls the surgical instruments attached to the patient-side cart. The vision system is a tower containing video equipment to record and display the surgical procedure. The patient-side cart consists of three or four robotic arms including two or three instrument arms, and one endoscopic arm. A scrubbed assistant surgeon is responsible for placing the trocars and the exchange of instruments on the robotic arms. The system provides a three-dimensional stereoscopic view of the surgical field with adjustable magnification up to ten-fold. The articulated surgical instruments simulate the movements of the human wrist but with seven degrees of freedom. These features, combined with motion-scaling and filtration of surgical tremor, have facilitated the uptake of robotic surgery. They offer to overcome the technical constraints of a limited range of motion and two-dimensional visualisation experienced with laparoscopic surgery and result in reduced fatigue from instrument manipulation. Additionally, there is evidence of shorter learning curves with robotic-assisted surgery compared to laparoscopic surgery [13] [14] [15] . Despite these benefits, the disadvantages of robotic surgery have limited its widespread application. The increased direct cost from surgical equipment and maintenance is often prohibitive 16 . Operating times are increased compared to traditional approaches across a range of procedures [17] [18] [19] [20] [21] [22] . Additional setup time and time taken whilst learning also adds to costs. Economically, the robotic system is viable only for centres with a high volume of cases or multidisciplinary robotic use. The size of equipment requires increased theatre space and compromises ergonomics. The lack of tactile and haptic feedback may increase the risk of tissue damage [23] [24] . Although relatively rare, there is the potential for robotic malfunction resulting in delay, postponement, conversion to laparoscopic or open surgery and rarely patient injury. In their retrospective study of 1,500 robotic prostatectomies, Danic et al 25 reported an incidence of robotic failure of 0.2%. A study of robotic-assisted laparoscopic surgery found an incidence of 0.38%, of which 4.8% were associated with patient injury 26 . Other studies have reported failure incidences of up to 2.4% 27 .
Anaesthetic challenges in robotic-assisted minimally invasive surgery
Robotic surgery poses multiple challenges to the anaesthetist. The significant anaesthetic concerns are the restricted access to the patient resulting from the bulk of the equipment being set over the patient, the physiological effects of pneumoperitoneum, issues related to placing the patient in exaggerated positions, and the recognition and management of surgical complications which may not be obvious.
General issues
Invasion of the anaesthetic workspace by robotic equipment limits patient access. Thorough preparation prior to final positioning is required as once the robot is docked it is difficult to reposition the patient or equipment. A well-secured endotracheal tube with adequate breathing circuit extensions is essential. Many procedures require the operating table to be rotated away from the anaesthetic machine with the robot positioned over the patient's head, restricting access to the patient's airway. Adequate intravenous access and invasive monitoring must be placed prior to docking. Testing of positioning, assessment of cardiovascular function and ventilation should be performed prior to docking. Care must be taken to protect any potential sites of injury, particularly the face, peripheral nerves and pressure points, including those at risk of damage from the bulky robotic arms. Continuous neuromuscular blockade and monitoring is often required as any patient movement stresses port sites and places vascular and visceral structures at risk of injury.
Depending on the type of surgery, patient positioning that is more extreme than in laparoscopic or conventional surgery is often required for robotic procedures, particularly pelvic procedures. Urological, gynaecological and colorectal surgery require pneumoperitoneum in the steep Trendelenburg position (30-45 degrees head down). This positioning results in retraction of the bowel from the surgical field by way of gravity and allows for an intra-abdominal workspace. These extreme positions increase the risk of the patient sliding off the operating table, thus making the use of restraining devices inevitable. They also result in extensive physiological disturbances. Although these disturbances are generally well tolerated 28.29 , they can predispose to complications particularly in patients with comorbidities.
Robotic-assisted procedures involve significant changes in the spatial configuration of the operating theatre. The surgeon's visual attention is focused at the console, positioned at a distance from the patient and remaining team members. As with any surgical procedure, and particularly given the complexity of the setup required, close communication between team members is paramount.
The management of emergencies, including cardiac arrest, can be challenging because the robot presents a serious impediment to resuscitative efforts or the progression to open surgery. The operative team must be familiar with an emergency drill that allows for rapid removal of the robot. An emergency wrench, which allows the surgeon to manually open an instrument in the event of robotic failure, must be available.
Procedure-specific issues

Urology
Robotic-assisted surgery is utilised across a range of urological procedures. In 2008, urological procedures accounted for 91% of robotic-assisted surgeries carried out in Australia and New Zealand, of which radical prostatectomy was the most commonly performed 30 . It is the dominant approach to radical prostatectomy in the USA and some areas in Europe 31 . In their retrospective study of radical prostatectomy cases performed in Victoria, Basto et al reported that robotic-assisted radical prostatectomy (RARP) was the most common approach in the 2012-2013 financial year. RARP, open and laparoscopic approaches were used in 47%, 44% and 10% of radical prostatectomy procedures respectively. The majority of RARPs were performed in the private health system 31 . Reduced blood loss, transfusion rates 32 , catheterisation time, duration of hospitalisation, and complication rates 31, [34] [35] [36] [37] [38] . The evidence for decreased hospital length of stay, decreased impotency and decreased incontinence 31, 37, 39 , is not consistent 32, 33 . The additional anaesthetic issues associated with roboticassisted urological procedures result from the use of carbon dioxide (CO 2 ) pneumoperitoneum, steep Trendelenburg and lithotomy position. Vigilance in monitoring and meticulous management is essential to prevent the wide pathophysiological changes associated with the procedures.
(a) Haemodynamic disturbances
In contrast to laparoscopic surgery, relatively high intra-abdominal pressures of 12-15 mmHg are necessary to produce adequate space for organ visualisation and safe surgical manipulation. CO 2 inflow reduction is not an option 40 . During the initiation of pneumoperitoneum, mean arterial pressure (MAP) and systemic vascular resistance (SVR) increase as a consequence of increased intra-abdominal pressure compressing the aorta, and neurohumoral factors. In two observational studies of patients undergoing RARP, Lestar et al 28 and Danic et al 25 reported an increase in MAP by 25% and 17% respectively. Falabella et al 41 used transoesophageal echocardiography in RARP and demonstrated that steep Trendelenburg combined with pneumoperitoneum increased both MAP and SVR. Central venous pressure, mean pulmonary arterial pressure and pulmonary capillary wedge pressure increase with Trendelenburg positioning. In patients with impaired myocardial function the increase in preload may precipitate cardiac failure. Lestar et al 28 showed that right and left stroke work indices increased by 65% and 35% respectively. Despite this, heart rate, stroke volume, cardiac output, mixed venous oxygen saturation and ejection fraction were unchanged, suggesting that cardiac performance is maintained 28, 41 . However, the increase in cardiac work and myocardial oxygen consumption may lead to serious cardiac complications in patients with ischaemic heart disease or impaired myocardial contractility. Heart rate and cardiac output increased significantly in the immediate postoperative period 28 . There is also an increased risk of cardiac arrhythmias, particularly bradycardia due to a reflex increase of vagal tone caused by peritoneal stretch. Treatment involves interruption of insufflation, administration of atropine and deepening of anaesthesia 42 .
There is a reduction in renal blood flow and transient oliguria with abdominal insufflation pressures above 10 mmHg 43 . There is also a reduction in portal and splanchnic blood flow. There are no good methods of reducing the risk of visceral hypoperfusion produced by the intra-abdominal pressures of [12] [13] [14] [15] The steep Trendelenburg position and hypercarbia secondary to CO 2 pneumoperitoneum increase cerebral blood flow and intracranial pressure. Cerebral perfusion pressure has been shown to remain above the accepted lower limit of autoregulation 44 . However, Schramm et al 46 44 demonstrated that cerebral tissue oxygen saturation increased with time, while Closhen et al found a small decrease of less than 5% 47 . These studies suggested that the risk of cerebral ischaemia was small. The steep Trendelenburg position is contraindicated in patients with pre-existing intracranial hypertension or ventriculoperitoneal shunts.
The most common complications of robotic-assisted laparoscopic surgery are neuromuscular in origin 29 . In a retrospective study by Mills et al 48 , positioning-related injury was observed in 6.6% of robotic-assisted urological surgeries. Of these, 23% persisted beyond six months. In a large retrospective series, Wen et al 49 reported an incidence of positioning-related injury of 0.4% in RARP. They also found a 0.16% incidence of peripheral nerve injuries in RARP cases compared with a 0.1% incidence in non-robotic prostatectomies. In their retrospective study, Manny et al 50 found an incidence of lower limb neuropathy following RARP and cystectomy of 1.68%. Another retrospective study reported a 5% incidence of neuromuscular complications following RARP 51 . Several peripheral nerves are at risk of damage. The literature includes reports of brachial plexus, common peroneal nerve, sciatic nerve, lateral femoral cutaneous nerve and obturator nerve injury 29 . Brachial plexus injury can occur if shoulder braces, used to prevent cephalad sliding of the patient, result in excess pressure over the acromioclavicular joint 23, 52 . Avoidance of surgical-positioning beanbag use and prevention of excessive arm abduction have been shown to reduce the incidence of brachial plexus injury 53 . Prolonged periods in lithotomy and insufficient padding of leg supports have been identified as risk factors for lower limb peripheral nerve injury 54 . Steep Trendelenburg and lithotomy position are associated with an increased risk of lower limb compartment syndrome as a result of reduced lower limb perfusion 55, 56 . In their retrospective multicentre study, Pridgeon et al 57 reported that the incidence of compartment syndrome was 0.28% in RARP and some patients required fasciotomy. A console time of greater than four hours was identified as the main risk factor. Methods to prevent compartment syndrome, in additional to general methods to maintain perfusion, include limiting time in steep Trendelenburg and lithotomy, use of Allen type stirrups which exert pressure over the heel rather than the calf (see Mumtaz et al), and avoiding excessive ankle dorsiflexion [55] [56] [57] . The use of intermittent pneumatic compression devices has also been identified as a risk factor for compartment syndrome 55, 57 . However as the incidence of deep venous thrombosis with RARP is greater than that of compartment syndrome, avoiding the use of intermittent pneumatic compression devices is not recommended 57 .
(d) Ocular injuries
Ocular injuries range from corneal abrasions to serious ischaemic optic neuropathy. The most common ocular complication associated with RARP are corneal abrasions, with an incidence of 3% that can be reduced to 1% with the use of eye patches instead of eye tapes 25 . Chemosis and conjunctival oedema are frequent and transient problems but may contribute to corneal abrasions 29 . Restrictive fluid therapy may minimise the risk of corneal abrasion 58 . In addition, surgeons often place instruments on the drapes over the patient's face. Therefore, some form of protective covering must be placed over the eyes.
Of particular concern are the case reports of ischaemic optic neuropathy following RARP, all of which have been associated with a prolonged operative time 59, 60 . The rise in intraocular pressure (IOP), on average 13 mmHg, is influenced by surgical duration as well as an increase in the arterial CO 2 partial tension (PaCO 2 ), which causes choroidal vasodilation 61 . Therefore, maintaining PaCO 2 within the normal range is essential. Reassuringly, the steep Trendelenburg position during time-limited procedures causes little or no risk from increased IOP in patients without pre-existing ocular disease 62 . However, care must be taken with patients with glaucoma. There is some evidence that propofol may prevent an increase in intraocular pressure after pneumoperitoneum and steep Trendelenburg positioning compared with sevoflurane. However, the clinical relevance of this finding in terms of reducing the incidence of ocular complications is unclear 63 .
(e) Fluid therapy
Close attention to fluid management is required when patients are placed in a steep Trendelenburg position. Liberal fluid therapy increases the risk of head and neck oedema, which has been reported to occur in 12.5% of roboticassisted cystectomy cases 64 . In their review, Maerz et al 29 reported an incidence of airway oedema ranging from 0.7%-26% of robotic-assisted laparoscopic cases. Airway oedema increases the risk of postoperative respiratory complications including the need for reintubation 52 . Postoperative respiratory distress is reported to occur in about 0.7% of RARP patients 65 . An association between the presence of chemosis and airway oedema has been reported and assessment for head and neck swelling including chemosis should be undertaken prior to extubation 28 . Use of a cuff leak test prior to extubation should be considered, although studies show that the sensitivity and specificity of this test is unclear 25 . Cerebral oedema can result in delayed awakening and confusion 66 . It is suggested that intraoperative intravenous fluid administration is restricted to less than two litres 25, 67 . Additional fluids may be administered postoperatively according to the patient's volume status. Other suggested strategies for the prevention of cerebral oedema are limiting time in steep Trendelenburg and limiting abdominal insufflation pressure 68 . Cautious use of intravenous fluids is also recommended due to the intraoperative absorption of irrigation fluids. Excessive urine output can obscure the operative field during bladder neck transection and urethrovesical anastomosis 25 . A retrospective review of fluid management in RARP patients demonstrated that more restrictive fluid regimens were associated with lower surgical complications such as an anastomotic leak between the bladder and urethra 69 .
(f) Gas loculisation Other complications of pneumoperitoneum include venous air embolism. A lower incidence of venous air embolism has been demonstrated in RARP compared with open prostatectomy (38% versus 80%). This may occur at insufflation, but also during the dissection of the dorsal venous plexus 70 . However, significant haemodynamic consequences as a result of venous air embolism have not been reported 29 . Extension of the insufflated gas into the thorax can cause a pneumothorax or pneumomediastinum. Early recognition of these life-threatening complications is essential. Subcutaneous emphysema is usually harmless and self-resolving 29 , but may be associated with severe hypercapnia.
(g) Deep vein thrombosis
Reduced lower limb venous flow due to compression of the inferior vena cava and iliac vessels with increased intraabdominal pressure results in an increased risk of deep venous thrombosis. The incidence of deep venous thrombosis has been reported at 0.5%-0.6% of RARP patients 29 . Deep venous thrombosis prophylaxis is therefore essential 67 .
(h) Gastric regurgitation
Gastric decompression should be considered as both steep Trendelenburg position and pneumoperitoneum increase the risk of regurgitation of gastric contents 29 .
Gynaecology
Robotic-assisted surgery has been utilised in a variety of gynaecological procedures, including in the treatment of gynaecological malignancies with good survival outcomes 71, 72 . Positioning, potential complications and anaesthetic considerations are similar to that discussed for RARP.
General surgery
Despite the advances of robotic techniques in urological and gynaecological surgery, adoption of robotics in colorectal surgery has been slow 72 . Robotic approaches may provide additional benefits treating challenging pathologies, such as rectal cancer. Studies have shown similar outcomes to laparoscopic surgery and a trend towards a lower rate of conversion to open surgery 17,72-74. The anaesthetic principles are similar to that of urological surgery.
Although the first general surgical procedure performed by the da Vinci robot was a laparoscopic cholecystectomy in 1997 23 , robotics are yet to be widely applied in upper gastrointestinal surgery. Robotic-assisted surgery may permit more delicate dissection of complex structures, including vasculature and hepatobiliary anatomy, potentially allowing more technically complex procedures to be undertaken compared to laparoscopic surgery 75, 76 . A number of procedures, including hepatectomy, gastrectomy, oesophagectomy, adrenalectomy and pancreatic surgery, have been successfully performed, with favourable surgical and oncological outcomes 72, 76 . Access to the upper abdomen is achieved using the reverse Trendelenburg position, and consideration must be given to the physiological changes in this position. The robot is docked above the patient's head with the head of the bed rotated away from the anaesthetic machine, thus limiting access to the airway and increasing the risk of injury to the head and neck.
Ear, nose and throat Transoral robotic surgery (TORS) is a technique used to treat oral, throat, and skull base cancers using a minimally invasive robotic approach through the mouth and throat. The TORS procedure facilitates deeper access and dissection of lesions in the oral cavity and those that extend from the throat to the base of the skull. The benefits of TORS include the absence of a disfiguring facial scar from a lip split used with a mandibulotomy approach, no large external neck incisions, no malocclusion of the jaw, a decreased tracheostomy rate, decreased requirement for orogastric or nasogastric tubes, decreased blood loss, decreased pain and decreased duration of admission [77] [78] [79] [80] [81] . The oncological outcomes are similar to traditional techniques, with better long-term quality of life 78, 79 .
From an anaesthetic perspective, the literature regarding TORS is restricted to descriptions of current techniques. The patient is typically supine, with both arms secured at his or her side. However, TORS may also be performed with the patient in the seated position to allow for better visualisation and surgical access 82 . This introduces additional anaesthetic challenges. As the robot is positioned over the patient's face, access to the patient's airway is very limited. This is exacerbated by the rotation of the table with the patient's head away from the anaesthetic machine. The endotracheal tube must be well secured in a position that facilitates surgical access. There is the potential for damage to the head and neck from the robotic arms. The eyes must be protected. A mouth guard, used to provide surgical access, also protects the teeth 78, 81 . Given that the use of TORS is increasing, further research evaluating anaesthetic management is required.
Robotic techniques have also been trialled in thyroidectomy and parathyroidectomy. The transaxillary approach, in which robotic access is achieved via a dissected tunnel on the anterior surface of the pectoralis major muscle, is associated with less postoperative discomfort and improved cosmetic results 83, 84 . However, this remains a novel approach and is yet to be widely adopted.
Cardiac surgery
Robotic techniques in cardiac surgery have been used predominantly for coronary revascularisation and mitral valve repair. However, its use has expanded to atrial septal defect repair, endoscopic treatment of atrial fibrillation, pericardial procedures and placement of epicardial pacemaker leads 85 . The obvious advantage is the avoidance of median sternotomy and its associated morbidity 86, 87 . The results of robotic cardiac surgical procedures are encouraging, with evidence of decreased blood transfusions, shorter hospital stay, faster return to preoperative function levels and improved quality of life [88] [89] [90] [91] . The advantages from an anaesthetic perspective include reduced postoperative pain and analgesic requirements 90, 92 . However, the literature regarding anaesthetic management of cardiac procedures is predominantly observational.
Robotic-assisted or total endoscopic coronary artery bypass (TECAB) results in comparable short-term graft patency to that achieved with open techniques, although more long-term studies are required [86] [87] [88] [89] [90] [91] [92] [93] . TECAB is used for up to quadruple-vessel bypass 94 , may be performed on an arrested or a beating heart 95, 96 and facilitates the use of bilateral internal mammary artery grafts without the risk of sternal wound complications 87 .
Preoperatively, contraindications to a robotic approach in cardiothoracic surgery must be considered. The conditions limiting surgical access include extensive pleural adhesions, a history of pleuritis, radiation, inflammatory thoracic disease, narrow intercostal spaces and marked cardiomegaly. Lung disease that would preclude one-lung ventilation is also a contraindication. Peripheral vascular disease may prevent femoral cannulation 97 . Patients at high risk of intraoperative arrhythmias should preferably be managed with median sternotomy 98 .
Intraoperatively, TECAB presents a number of unique challenges to the anaesthetic team. In addition to the usual anaesthetic concerns with robotic-assisted surgery, TECAB requires one-lung ventilation, placement of special catheters (see below), extensive use of transoesophageal echocardiography and remote-access perfusion strategies.
Creation of an intrathoracic working space is achieved using deflation of the left lung in the 30 degrees right lateral decubitus position, introducing the risk of complications associated with one-lung ventilation. The posterior displacement of the patient's arm which is required to maximise surgical access has been implicated in the occurrence of brachial plexopathies. CO 2 insufflation via a left access port creates a pressurised capnothorax. Intrapleural pressures should not exceed 10 mmHg 99, 100 . Increased intrapleural pressures may result in severe hypotension, particularly if the patient is hypovolaemic or has left ventricular dysfunction 101 . Should significant haemodynamic compromise occur, a tension capnothorax should be considered. An 18 gauge intravenous catheter can be placed in the pleural space to vent excess CO 2 98, 102 . Capnothorax may also result in increased arterial CO 2 and coronary artery vasoconstriction. Electrocardiographic (ECG) monitoring for ischaemia is highly confounded as the placement of chest ports precludes ideal lead placement. The presence of a capnothorax also alters the ECG waveform 97, 98 . Placement of special catheters is often required. Typically, the right internal jugular vein is chosen for introducer sheaths for pulmonary arterial vents used for supplementary venous drainage, and for coronary sinus catheters used for delivery of retrograde cardioplegia. Position of the coronary sinus catheter is confirmed using transoesophageal echocardiography. Transoesophageal echocardiography also facilitates the accurate placement of an endoaortic occlusion balloon catheter, which functions as an intra-aortic crossclamp and allows delivery of antegrade cardioplegia for myocardial protection 97, 102 . Bilateral arterial lines are useful in detecting the migration of the occlusion balloon into the innominate artery 103 . A fall in unilateral cerebral tissue oxygen saturation as detected by cerebral oximetry may indicate proximal migration of the catheter 98 . As peripheral (usually transfemoral) cannulation for cardiopulmonary bypass is required, echocardiography also enables the accurate placement of bypass cannulae as well as the early detection of complications such as aortic dissection or caval injury 97, 98, 103 . As internal defibrillation is not feasible in TECAB, external defibrillator pads are applied to the chest so as to optimise the operative field. This configuration is not ideal because it reduces the effectiveness of defibrillation. The use of a capnothorax, which insulates the heart from the defibrillation current, further diminishes defibrillation efficacy. Defibrillation and chest compressions cannot be performed while the robot is docked. As a result, alternative strategies to arrhythmia management such as the administration of antiarrhythmic drugs or reinitiation of cardiopulmonary bypass must be implemented until the robot is removed. Evacuation of capnothorax and re-establishment of two-lung ventilation increases the likelihood of successful defibrillation 104 . In beating-heart TECAB, prophylactic cannulation is often performed to allow rapid establishment of cardiopulmonary bypass should an arrhythmia occur prior to completion of anastomoses 98 . The patient should always be prepped and draped for an emergency sternotomy if needed 97 . Mitral valve repair has also been performed robotically, with favourable early and mid-term results 105 . The patient is typically positioned in 30 degree left lateral decubitus, with the right arm secured at a level below the posterior axillary line to facilitate additional exposure to the right chest 91, 106 . The right arm is often flexed at the wrist and elbow, limiting the ability to use the right radial artery for arterial line placement due to dampening of the arterial waveform 106 . The right lung is deflated and a capnothorax is established. In addition to the robotic port sites, a right inframammary incision is required 91, 106 . De-airing of the heart is more difficult in the absence of a sternotomy but can be facilitated with the use of transoesophageal echocardiography 106 . The anaesthetic principles, including management of onelung ventilation, placement of special catheters, use of transoesophageal echocardiography and remote access perfusion strategies, are similar to TECAB.
Thoracic surgery
Robotic surgery has been applied in a range of thoracic surgical procedures including thymectomy, excision of mediastinal masses and lobectomy. Although it has been associated with decreased length of hospital stay 107 , advantages over conventional thoracoscopic surgery are not well defined 21, 22 . Preoperative considerations are similar to those for thoracic surgery. Intraoperatively, the head of the bed is rotated away from the anaesthetic machine, making access to the airway more difficult. This is of particular concern as fibreoptic bronchoscopy is often required. During mediastinal surgery, the patient is usually placed in 30 degree right or left lateral decubitus with the operative side elevated and the elevated arm secured at a level below the posterior axillary line 108 . Brachial plexus injury has been reported in this position 109 . Deflation of the elevated lung and CO 2 insufflation is required for surgical access. Capnothorax and capnomediastinum may cause haemodynamic instability. One-lung ventilation remains mandatory to facilitate surgical exposure 108 .
Discussion
With the increasing number of patients undergoing and an increasing number of centres offering roboticassisted surgery, the anaesthetist must be familiar with the anaesthetic considerations and surgical implications of such procedures. Most anaesthetic considerations are similar to those of non-robotic procedures with the exception of issues with limited patient access and extremes of positioning. The current literature examining the anaesthetic implications of these procedures is lacking in level I or II evidence and is predominantly restricted to the field of robotic-assisted urological procedures. These findings may be extrapolated to other forms of robotic-assisted laparoscopic surgery. However, as the applications of robotic-assisted surgery continue to develop, further research comparing anaesthetic techniques and examining the prevention and management of anaesthetic complications across a wider range of roboticassisted procedures is required.
